BACKGROUND: Knotless barbed sutures are monofilament sutures with barbs cut into them. These sutures self-anchor, maintaining tissue approximation without the need for surgical knots. OBJECTIVE: The hypothesis of this study was that knotless barbed suture could be used on the myometrium to close the hysterotomy at cesarean delivery. The objective was to compare uterine closure time, need for additional sutures, and blood loss between this and a conventional suture. STUDY DESIGN: This was a prospective, unblinded, randomized controlled trial conducted at the Ziv Medical Center, Zefat, Israel. The primary outcome was the length of time needed to close the uterine incision, which was measured from the start of the first suture on the uterus until obtaining uterine hemostasis. To minimize provider bias, women were randomized by sealed envelopes that were opened in the operating room just prior to uterine closure with either a bidirectional knotless barbed suture or conventional suture. Secondary outcomes included the number of additional hemostatic sutures needed and blood loss during incision closure.
G
ood operating technique involves a combination of speed, efficiency, and safety. To assist with this, numerous innovative devices have been introduced for cesarean delivery, such as staplers, retractors, thrombotic agents, and suturing products. Every surgeon must decide whether the use of any of these devices is beneficial as well as cost effective.
In this regard, there is an increasing number of wound closure materials and techniques available, and careful consideration is needed in making an optimal choice. [1] [2] [3] One such device, the knotless barbed suture, has directional barbs along its length that secure the suture, preventing slippage once placed in the tissue. Knots are not required to anchor or secure the suture line. These sutures have been in clinical use since the 1960s and have gained popularity in wound closure and laparoscopic surgery. 4, 5 However, there is very little literature of the use of knotless barbed sutures in open surgeries, and all such barbed sutures maintain a Food and Drug Administration warning that their safety and effectiveness has not been established for fascial closures. [6] [7] [8] Knotless barbed sutures offer several advantages over smooth sutures in laparoscopic surgery. Knot tying in laparoscopic surgery requires considerable expertise. Knotless barbed sutures may reduce operating time and avoids knot formation with its inherent weaknesses. 5, 9, 10 Surgical knots reduce the tensile strength and are the weakest portion of the suture. They can slip or be overtightened causing localized tissue hypoxia. 5 Knotless barbed sutures are in routine use for vaginal cuff closure after laparoscopic hysterectomy 11, 12 and closure of the uterus after laparoscopic myomectomy. 13, 14 With these benefits in mind, we performed a study using knotless barbed sutures for closure of the uterine incision during cesarean delivery. The purpose of this study was to determine whether the use of knotless barbed sutures offers a reasonable alternative to conventional sutures. The primary outcome chosen was the length of time needed to close the uterine incision because this would be most affected by the choice of suture.
We expected there would be a decrease in closure time of the uterine incision using the knotless barbed suture because less time would be needed for knot tying and to obtain hemostasis. 5, 9, 10 Consequently, we also examined the number of additional hemostatic sutures needed to obtain hemostasis and the amount of 
Materials and Methods
A randomized prospective controlled trial was designed to compare the closure of the uterus with knotless barbed sutures vs polyglactin sutures. In this study, both sutures were manufactured by the same parent company (polydioxanone monofilament knotless barbed bidirectional sutures size 2, Stratafix Spiral PDO; conventional coated size 1 polyglactin 910 braided sutures, Vicryl Plus; Ethicon, Somerville, NJ) and were chosen because of their availability in our hospital ( Figure 1 ).
Patients were enrolled from August 2016 until March 2017. The study protocol was registered with ClinicalTrials. gov (NCT02962011) after approval by the hospital's institutional review board.
Eligible women were the following: (1) those undergoing an elective scheduled cesarean delivery at ! 38 weeks' gestation, (2) those in labor requiring cesarean delivery for usual obstetrical indications, or (3) those who failed a trial of labor after a previous cesarean delivery. All patients gave informed consent prior to participation.
Excluded were women unable to give consent or undergoing general anesthesia, those with evidence of chorioamnionitis, maternal diabetes, preeclampsia, placental abruption, thrombophilia, maternal medications affecting coagulation, known anterior low segment myomas, placenta previa or accreta, multiple gestation, or previous classical or inverted T incision, or those requesting tubal ligation.
The primary outcome was closure time of the uterine incision. Four experienced surgeons performed the cesarean deliveries using similar techniques throughout this study. Prior to the beginning of this study, the surgeons had attended a workshop for the use of knotless barbed suture closure of wounds and had performed at least 10 cesarean deliveries using the suture for uterine incision closure. These patients were not included in the study.
A prophylactic antibiotic was administered and regional anesthesia was used in all cases. Pfannenstiel skin incisions were used in all women. All uterine incisions were transverse low segment. After delivery of the infant and placenta, the uterus was exteriorized, if possible, and cleared of all clots and debris. The closure time of the uterine incision was defined as the time from the start of placement of the first suture in the uterus until the end of suturing when hemostasis was obtained after inspection as determined by the surgeon and the uterus was ready to be replaced into the abdomen. Any suturing for control of bleeding from the uterine incision after replacement was added to the closure time.
In all cases the uterine incision was closed in 2 layers. For the knotless barbed sutures, the first layer was started on 1 corner and continued running unlocked to the other corner, after which the direction was reversed or backhanded for 1 or 2 throws and cut flush with the uterine serosa. The second layer using the other half of the 2-needle bidirectional system was thrown in an running unlocked imbrication manner with similar corner fixation (Supplemental Video 1).
For polyglactin 910 braided suturing, the first layer was in a running locked manner with knotting on both ends (Supplemental Video 2). The second layer was a running unlocked imbrication suture also tied at both ends. The use of any additional hemostatic sutures was included in the closure time measurement. Fascial closure was with polyglactin 910 braided for first and second cesarean deliveries and with polydioxanone for third or fourth cesarean deliveries.
Total operation time was defined as the time from the skin incision to the end of skin closure. The uterine closure time and total operation time were measured by a certified research nurse who was present in the operating room throughout the procedure.
Secondary outcomes included the number of hemostatic sutures used and the amount of uterine bleeding during uterine closure. A hemostatic suture was defined as either a single pass or figure-of eight with knot tie. All hemostatic sutures were performed using polyglactin 910 sutures. Each additional hemostatic suture placement was called out by the surgeon and recorded by the research nurse.
The amount of bleeding during the uterine incision closure was estimated by collecting dry laparotomy pads (standard weight 23 g each), which were used by the surgeons only at the incision site to avoid contamination with amniotic or other body fluids. The pads were then weighed and the increase was defined as the amount of bleeding during closure. Total blood loss was estimated by the primary surgeon at the end of the procedure as done routinely.
To minimize provider bias, randomization was by previously prepared random sequence sealed envelopes, which were opened in the operating room by the research nurse prior to uterine closure.
To calculate the sample size, a pilot of uterine closure with conventional polyglactin 910 sutures was performed on 8 women. The mean closure time was 6 min with an SD of 2 minutes 10 seconds. We theorized a shorter closure time using knotless barbed sutures.
To show a decrease of 25% to 4.5 minutes using knotless barbed sutures with a power of 0.9 and type 1 error of 5% and assuming a similar SD of 2 minutes 10 seconds, at least 34 women would be needed in each group. However, our main outcome was decreasing time, which was not linear in this case. We therefore chose a sample size 50% greater (17 more patients in each group) in an attempt to be sure our primary outcome result would be significant.
Patients' demographics were obtained at the time of inclusion. The variable distributions were checked for the continuous variables, and if normally distributed, unpaired Student t testing was performed. If the variables did not pass normality testing, then nonparametric (Mann-Whitney) testing was used. Unadjusted categorical variables were compared using a Fisher exact test. A value of P < .05 was considered statistically significant. The data were analyzed using SPSS, version 20.0.0.2 (SPSS Inc, Chicago, IL).
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Results
During the study period, there were a total of 394 cesarean deliveries, of which 175 were assessed for eligibility. After exclusions, 102 women were randomized, 51 to the knotless barbed group and 51 to the conventional suture group (Figure 2) . 15 There were no crossovers or discontinuations.
The demographical and clinical characteristics of the women were similar between the groups (Table 1) . Of the 102 cesarean deliveries, 6 uteri could not be exteriorized (3 in each group) and were sutured in situ.
Uterine closure time using the knotless barbed suture, the primary outcome of this study, was significantly shorter than the conventional suture by an average of 1 minute 43 seconds (Table 2) . Total operation time, which this study was not powered to determine a significant difference, was also shorter by 2.5 minutes, although this did not reach statistical significance.
There was a significantly less need for hemostatic sutures: a median of 0 for the knotless barbed group and 1 for the conventional group. Fewer patients required hemostatic sutures. In addition, uterine incision closure blood loss was significantly less. Total blood loss as estimated by the surgeon was also reduced. Table 3 displays the uterine incision closure times for each surgeon. As is shown, 3 of the 4 surgeons had significantly shorter times using the knotless barbed suture.
None of the women had surgical complications, such as bladder or bowel injury, or significant incision extension. There were no complications specifically related to either type of suture, such as breakage or tissue tearing, irrespective of the thickness of the lower uterine segment. There were no cases of postpartum endometritis in either group. The mean postoperative length of hospital stay was similar (4 days) in both groups, P ¼ .65). No patients required reoperation for internal hemorrhage or any other reason.
Comment
Knotless barbed sutures were first approved for use by the US Food and Drug Administration in 2004. 16 The barbs are cut into a monofilament suture at approximately 1 mm intervals. 17, 18 The suture may be unidirectional with a small loop at the far end of a single needle for anchorage or bidirectional with the barbs reversing direction at the midpoint of a suture with needles at either end. 17 The barbs that are cut into the suture decrease the effective diameter so that the tensile (breaking) strengths are typically Knotless barbed sutures present several attractive solutions to problems posed by conventional knot-requiring smooth sutures. First, the barbs self-anchor at regular intervals, allowing uniform distribution of tension and eliminating weaker spots from slippage or higher tension spots, which are more prone to disruption or necrosis. 19 Second, knots themselves reduce the tensile strength of the suture. The knot is the weakest part of the suture line, followed by the area immediately adjacent to the knot. 5, 9 Third, knots have increased volume, which may cause increased inflammation in the surrounding tissues, potentially impeding wound healing. 20 Finally, with the increasing use of laparoscopy, these sutures have the added advantage of easier placement because laparoscopic knot tying, both intra-and extracorporeal, requires considerable expertise to be performed properly. [21] [22] [23] [24] Knotless barbed sutures have been compared with conventional smooth sutures. In one study, the biomechanics of conventional glycomer 631 was compared with knotless barbed glycomer 631 (Covidien Syneture, Mansfield, MA). 25 The results indicated that for the narrower diameter sutures (ie, 2-0 or 3-0), the tensile (breaking) strength of the barbed sutures was significantly lower than its smooth counterpart. However, the tensile strength was comparable in the thicker sutures. 25 Over time, the use of knotless barbed sutures has expanded in gynecological surgery, with most studies demonstrating equivalent efficacy to conventional sutures while decreasing operating time and blood loss. For total laparoscopic hysterectomy, most studies comparing vaginal cuff closure using barbed vs conventional sutures have shown a significant reduction in operative times. 11, 12, 26 Because laparoscopic hysterectomy involves the use of thermal energy at the vaginal cuff, it has been postulated that the surrounding tissues are less viable, and some have reported a higher incidence of vaginal cuff dehiscence. [27] [28] [29] [30] Because advanced skills are needed for high-quality surgical repair of the vaginal cuff during laparoscopy, knotless barbed sutures have become an attractive alternative.
Another surgery with increasing use of the knotless barbed suture is laparoscopic uterine myomectomy. When knotless barbed sutures were compared with conventional sutures, suture time of the uterine defect was shorter and blood loss was less. 13, 14, 31 Another study was able to show decreased duration of 32 The benefits of knotless barbed suture for laparoscopic hysterectomy and myomectomy have been confirmed by 3 recent meta-analyses. 10, 33, 34 A recent report compared the use of barbed sutures (bidirectional) with conventional sutures (polyglactin 910) for uterine closure at cesarean delivery. 35 In that study, the second layer of conventional sutures was performed in an interrupted manner. Similar to our study, the authors were able to demonstrate a significant shorter closure time for knotless barbed sutures (3 minutes 44 seconds) compared with the conventional group (5 minutes 43 seconds), along with a reduced need for additional sutures.
The cost factor should not be ignored. The knotless barbed suture used in this study presently costs the hospital more than 7e20 times as much as the conventional suture. The question one needs to ask is whether the saving of an average of 1 minute 43 seconds in uterine closure time and 48 mL less blood loss justifies this extra cost. Similar questions have been posed by others. 4 We should keep in mind, however, that conventional suturing more often requires additional hemostatic sutures, which reduces this cost difference.
According to the Truven report 2013, 36 the average total charges for cesarean delivery in the United States was $51,125. The additional cost of the single barbed suture used in this study was $23.50 ($27.50 for the knotless barbed suture minus $1.33 times 3 [2 for uterine closure and 1 for hemostasis] for the conventional suture). This represents an increase of 0.05% of the total charges of cesarean delivery, which is a trivial amount.
Another area of concern is that the knotless barbed suture used in this study has 3 times the absorption time compared with the polyglactin 910 suture (approximately 180 days vs 60 days, respectively). 37 It is uncertain how and whether the delayed absorbable knotless barbed suture will have any long-term effects, such as the incidence of adhesion formation, wound dehiscence, uterine rupture, or placenta accreta. It is unknown how postcesarean uterine involution will interact with this suture material. Further study will be needed.
The strengths of this study are that it was a prospective randomized trial with a readily measured endpoint that was well powered. The 4 experienced surgeons used similar techniques during the cesarean delivery. However, this study was unblinded because the surgeon could always identify which suture was used, resulting in possible user bias. Also, the use of more than 1 surgeon may have resulted in performer bias because individual variation is inevitable. It is of note that 3 of the 4 participating surgeons demonstrated significant shorter uterine closure times. ajog.org
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Finally, the method used for estimating blood loss can supply only an approximation of actual blood loss. In summary, the use of knotless barbed sutures for uterine closure during cesarean delivery is an attractive alternative to standard suture. Its use results in statistically, although perhaps not clinically, significantly shorter closure times, less need for additional hemostatic sutures, and less blood loss. The faster closure can be attributed to both the absence of knot tying and shorter time needed to obtain hemostasis.
Although not measured in this research, the shorter uterine closure time coupled with decreased blood loss is attractive for the obstetrical surgeon and generates increased operator satisfaction. In this regard, the benefits of knotless barbed suture in obstetrics are similar to those experienced in other surgeries. On the other hand, these benefits need to be weighed against the increase in costs. Further research is needed to determine the long-term effects this closure technique will have.
Implications and contributions
The study was conducted to determine whether knotless barbed suture was associated with shorter hysterotomy closure time at cesarean delivery as compared with conventional polyglactin braided sutures. We have shown that the knotless technique decreased uterine closure time on average by 1 minute 43 seconds and was associated with decreased blood loss and use of fewer hemostatic sutures. This study has shown that the knotless barbed suture technique is a practical alternative for uterine close at cesarean delivery. n 
